Introduction
Biological control is beginning to become more widely used, especially in greenhouses. The inundatory release of insects, especially parasitoids, requires a thorough knowledge of their biology and of mass-rearing techniques. however, cold storage of parasitoids can lead to a decrease in their viability, in particular in their survival, mobility and sex ratio (langer and hance 2000; sigsgaard 2000; colinet et al. 2006; ismail et al. 2010) .
Aphidius ervi is a solitary hymenopteran koinobiont endoparasitoid, which parasitizes a wide range of aphid species (stilmant et al. 2008) . it is already commonly used for biological control and is mainly marketed for the control of Aulacorthum solani and Macrosiphum euphorbiae. in Belgium, this parasitoid is recorded in the field when the temperature reaches 15 °c and above. moreover, it becomes active at temperatures over 8 °c (walking) or 9 °c (flying). its parasitic ability diminishes as the temperature drops, but its lower temperature threshold for egg-laying is 2 °c (langer et al. 2004; sigsgaard 2000) and at low temperatures, a higher proportion of the offspring is male (langer et al. 2004) .
various studies have determined the lower temperature threshold for development of A. ervi, which is between 2.2 and 6.8 °c and depends on the host aphid and laboratory conditions (campbell et al. 1974; sigsgaard 2000; malina and praslicka 2008) .
A. ervi mummies survive storage for long periods at temperatures close to 0 °c (michel 2007) . The host aphid in this case was Acyrthosiphon pisum. The percentage survival decreases the longer they are kept at a low temperature and as temperature is decreases. Thus, it is possible to store mummies of aphids containing A. ervi at temperatures below 0 °c. The losses reported are due in part to the effects of cold, but also desiccation and starvation. indeed, the survival of mummies is dependent on their lipid reserves and water content. at low temperatures, they develop more slowly and the period for which they can survive increases, but eventually their reserves are exhausted and they die (colinet 2007) . Furthermore, the consumption of lipids results in fewer individuals surviving, a reduction in the number of eggs in the ovaries of females and in the volume of the seminal vesicles and testicles of the males (michel 2007) .
The surviving adults clearly differ from the initial population in that they survived the cold, in other words, there has been a selection of certain individuals (amice et al. 2008) . This is why ismail et al. (2010) measured the physiological cost of cold storage that do not result in death and do not involve selection. The treatments they used were 1 and 2 weeks at 7 °c with S. avenae as the host aphid. They record a decrease in lipid and water content of mummies after both treatments, and a reduction in the longevity of females that underwent the longer treatment. male longevity and female fertility were not affected. also, the use of a fluctuating temperature (i.e. the mummies were stored at 20 °c for two hours, once every day) partially reduced the effects of cold storage.
to optimise the refrigeration of mass-produced parasitoids it is important to determine the best temperature at which to keep them and for how long. an optimal combination of these two parameters should permit a relatively long period of conservation, without undesired imProVement in the Cold storaGe of apHidius ervi (hymenoPtera : aPhidiinae) isa Be l l e F r è r e 1* , c a rol e Ba lt h a Z a r 1 , a h m e D sa Br i 2 * a n D t h i e r ry h a nce 1 emergence of adults or loss of quality, in terms of survival and/or quality of the adults.
The objective is to improve the technique of conservation and storage of Aphidius ervi pupae that developed in two different species of aphid, Sitobion avenae and Acyrtosiphon pisum. The lower temperature threshold for development of A. ervi pupae in mummies is somewhere between 2.2 and 6.8 °c (sigsgaard 2000; malina and praslicka 2008) so the storage temperatures used were based on these estimates. a temperature of 7 °c should slow down the development of mummies and delay the emergence of the adult parasitoids. mummies kept at a temperature of 2 °c, on the other hand, should cease developing and no adults should emerge. The effect of storage can then be evaluated in terms of the longevity and fertility of the surviving females.
Material and methods rearing of the aphids and parasitoid
The aphids, Sitobion avenae and Acyrtosiphon pisum, were reared in the laboratory under controlled conditions (20 ± 1 °c, 60 ± 10% relative humidity, photoperiod 16 : 8). The host plants used were Triticum aestivum L. for S. avenae and Vicia faba L. for A. pisum.
The parasitoid Aphidius ervi was reared separately on each of the above hosts under the same controlled conditions as those used for the aphids. The females used for the experiments were 2-3 days old, mated and naive.
Obtaining mummies for refrigeration
to obtain the mummies that were to undergo the different treatments, synchronised second-stage S. avenae or A. pisum aphids were presented to female A. ervi for four hours, at 20 °c. each mummy formed was then isolated when one day old and randomly assigned to a treatment (20 °c, 7 °c or 2 °c).
storage temperatures
each mummy was placed individually in a petri dish (5.5 cm diameter), which contained cotton wool soaked in water and was hermetically sealed (100% relative humidity). The dishes were placed in different incubators (20 °c, 7 °c and 2 °c) (directly, rather than via a progression of intermediate temperatures) in the dark, so that the time of emergence would not be biased by light/dark cycles (mackauer and henkelman 1975) . There were at least 90 replicates of each treatment.
in the 20 and 7 °c treatments, the parasitoids emerged synchronously. each day, the adult parasitoids that emerged were removed and sexed. no parasitoids emerged in the 2 °c treatment so every week for seven weeks several mummies (between 12 and 15) were removed from this incubator and placed at 20 °c and the emergence of adults monitored.
Proportion of pupae that survived and the time it took them to complete their development
For the 20 and 7 °c treatments, the time (in days) for the pupa in each mummy to complete its development was calculated as the time between mummy formation and adult emergence. For the 2 °c treatment, the temperature was theoretically lower than to, the threshold for mummy development, so that development did not resume until the mummy was moved to 20 °c after 1 to 7 weeks. For this reason, the development time was calculated as the time between removal from the 2 °c incubator and the emergence of the adult at 20 °c.
Three weeks after the last emergence, the mummies in each batch from which no parasitoid had emerged were counted and dissected. The proportion that survived (or emerged) in each batch was obtained by expressing the number of parasitoids that emerged as a proportion of the total number of mummies stored.
size of the adults
The length of the tibia of the third leg is the standard way of assessing the size of adult parasitoids (godfray, 1994) . For each adult that emerged, this measurement was obtained using a binocular microscope and a slide marked with graduations offering an accuracy of measurement of 0.001 mm. fertility one day old, virgin and naïve females were tested individually under the same conditions. each of the 25 females tested was placed in a patch of 50 similar aged aphids (the same species in which the parasitoid female was reared) at 20 °c. after 4 hours, the female was removed and the parasitized aphids were returned to plants. Three to 4 days later, the aphids were dissected to determine how many were parasitized.
Longevity
The longevity of female parasitoids kept without food was measured. The females were the ones that were used for determining fertility and they were kept in a petri dish (5.5 cm diameter) at 20 ± 1 °c and 100% relative humidity, in the dark.
statistical analyses
For each species of host aphid, the proportion of mummies that survived (i.e. the proportion from which adults emerged) at 7 and 2 °c were compared with the proportion that emerged in the control (20 °c) using a χ 2 test (proc FreQ, sas institute). The Fisher's exact test value was calculated along with the associated probability.
analysis of the size and development time of the mummies was done using a three-way anova (proc glm, sas institute) with the aphid host species, parasitoid sex and the treatment (20 °c, 7 °c or 2 °c from 1 to 7 weeks) as the principal factors. as the number of samples was not identical for all of the groups, the models were "unbalanced", so adjusted means (least squares means) and type iii sums of squares were used. The normality was checked using the shapiro-Wilk test (proc univariate, sas institute) and homoscedasticity using the levene test (proc glm, sas institute). The multiple comparisons of means were carried out using the tukey-kramer method (α = 0.05) to describe the differences between groups, and the Dunnett test (α = 0.05) for comparison with the 20 °c control.
The fertility of the females was transformed to a mean using an arcsin√ function. The analysis was completed using a two-way anova (proc glm, sas institute) with the aphid host species and the treatment of the mummies (20 °c, 1 week at 7 °c or at 2 °c) as the principal factors. The multiple comparisons of means were done using the tukey test (α = 0.05). The same method was used to analyze longevity, except that the results were not transformed. The results presented in the tables and figures are not transformed.
results
Proportion of pupae that survived and the time it took them to complete their development a) Proportion that survived in the two control treatments (at 20 °c) the proportion that survived was greater than 0.9. moreover, the proportion of pupae in S. avenae mummies that survived was more than 0.8 regardless of treatment, even those which spent 7 weeks at 2 °c (0.92 survived). on the other hand, the proportion of pupae in mummies of A. pisum that survived decreased with each successive week when kept Table 1 Proportion of mummies that survived in the different treatments (20 °c, 7 °c, 2 °c for between 1 and 7 weeks), in each species of host aphid (S. avenae, A. pisum) and the number of mummies stored. χ 2 test relative to the 20 °c control: the Fisher's exact test value (Fisher p) and associated probability (P). significant differences (α = 0.05) are marked * and highly significant differences (α = 0.01) are marked ***. at 2 °c: from 0.61 after 5 weeks, to 0.54 after 6 weeks and 0.46 after 7 weeks (Fig. 1, table 1 ).
S. avenae

b) Duration of development
at 20 °c and 7 °c, parasitoids emerged from the mummies spontaneously in the incubators. The histogram in Fig. 2 records the proportion of the mummies from which parasitoids emerged each day starting from the beginning of storage. The emergence of parasitoids from mummies in of A. pisum kept at 20 °c (the control) was spread over about five days, reaching a maximum around the 5-6th day. at 7 °c, on the other hand, the emergences were more spread out, and occurred almost continually between day 15 and day 33 of storage. The average development time of the pupae in the mummies (Fig. 3) was 6 days at 20 °c (the control) and 24.8 days at 7 °c. at 2 °c, no parasitoids emerged during storage, even after seven weeks. The histogram in figure 2 shows that the emergence of parasitoids only started after the mummies were transferred to 20 °c. This histogram is like that recorded for the control and is spread out over several days, but the parasitoids emerged sooner, especially if they had been stored for a long period. The average development time reflects these observations (Fig. 3,  table 2 ): it is shorter for the pupae in mummies stored at 2 °c for some time than in those which were kept continuously at 20 °c. The difference relative to the control mummies is more marked the longer they were stored at 2 °c and is significant after storage for 6 and 7 weeks (Dunnett test, table 2): in these two cases, the development time is around half that of the controls, as the parasitoids emerged from mummies, respectively, 3.2 and 2.9 days after being transferred from the 2 °c incubator, whilst the controls took 6 days. The effect of the "treatment" factor on development time is very significant in these cases (F = 430.78, p < 0.0001). moreover, it is the same regardless of host species or the sex of the parasitoid (interactions: aphid*treatment: F = 1.49, p = 0.1597; treatment*sex: F = 1.51, p = 0.1509).
Furthermore, the pupae of female parasitoids took an average of one day longer to develop than those of males (table 2) . This difference is significant (F = 4.20, p = 0.0410) and is depicted in Fig. 3 . it should also be noted that the development of pupae in mummies of S. avenae requires, on average, one day longer than those in mummies of A. pisum (table 2) and that this difference is significant (F = 3.87, p = 0.0500). These sex and host aphid effects are additive (interaction: aphid*sex: F = 2.62, p = 0.1065).
Finally, the levene test indicated heteroscedasticity among the treatments, meaning that the variances were not equal from one treatment to the next. as few mummies were stored at 2 °c (between 12 and 15 mummies) and sometimes the pupae in many of them died, which reduced the size of certain groups and decreased the accuracy of the measurements. however, for the 7 °c group, in which there were more mummies, the variance was greater than in the other treatments. This may be due to the high variability in the time to emergence recorded at this temperature; emergences were spread over 15 days (Fig. 2) . as the times to emergence at 7 °c were more spread out than they were at 20 °c the development time is more variable.
size, fertility and longevity of the females that emerged from the mummies
The length of the tibia of parasitoids that emerged from mummies of A. pisum (0.8 mm) is significantly longer than that of parasitoids that emerged from mummies of S. avenae (0.55 mm) (F = 802.87, p < 0.0001). Fig. 2 Proportions of the parasitoids that emerged over time from mummies of A. pisum subjected to three different treatments: the development time of the pupae was the number of days between the "one day old mummy" stage and adult emergence in the 20 °c and 7 °c treatments and the number of days between removal from the incubator and adult emergence for the treatment of 6 weeks at 2 °c. The average fertility and longevity of females are presented in Fig. 4 , according to host aphid and thermal treatment. neither was affected by exposure to 2 °c or 7 °c (fertility: F = 0.41, p = 0.6626; longevity: F = 0.37, p = 0.6929) (table 3). on the other hand, both were affected very significantly by the host species (fertility: F = 19.02, p < 0.0001; longevity: F = 41.19, p < 0.0001) (table 3), with the females that emerged from A. pisum mummies the most fertile and long lived. These females parasitized an average 37.7 of 50 aphids and lived, on average, 4.4 days, whilst those that emerged from S. avenae mummies only parasitized an average 31.6 aphids and lived just 3.1 days (Fig. 1, table 1 ). This was recorded in all treatments (fertility: interaction: F = 0.07, p = 0.9366; longevity: interaction: F = 2.17, p = 0.1177) (table 3). Table 3 two-way anova of female fertility (number of aphids parasitized out of 50) and their longevity (in days) when reared in each of the host aphids (S. avenae, A. pisum) and in different treatments (20 °c, 1 week at 7 °c, 1 week at 2 °c). in each line, the averages followed by a different letter are different (tukey test, α = 0.05). Table 2 three-way anova of the time is takes the pupae to develop (in days), with the two species of host aphid (S. avenae, A. pisum), the different treatments (20 °c, 7 °c, 2 °c for between 1 and 7 weeks) and sex (female, male) as principal factors. in each line, the means followed by a different letter are different (tukey test, α = 0.05). the means marked * are different from those of the 20 °c control (Dunnett test, α = 0.05). Fig. 4 the number of aphids parasitized out of 50 and longevity (in days; mean ± se) of females that emerged from mummies of S. avenae and A. pisum stored at either 20 °c (control), 1 week at 7 °c or at 2 °c
Fecundity
The fertility and longevity of female A. ervi were not decreased when the mummies were stored for one week at 7 °c or 2 °c, but the average fertility and longevity of those that emerged from A. pisum mummies were greater than those that emerged from S. avenae mummies.
Discussion and conclusions
Proportion of the pupae in mummies that survived
The survival of A. ervi females seemed not to be affected by exposure to 7 °c during mummy development. however, whilst the S. avenae mummies survived storage at 2 °c, even when it lasted seven weeks, those of A. pisum died from week 5 onwards. generally, smaller individuals suffer more when exposed to low temperatures, which may be, for example, because they have lower reserves (colinet 2007) or because their bodies have a higher surface area for evaporation relative to their volume (legrand 2005) . as for this experiment, A. pisum is a bigger aphid than S. avenae and the individuals that emerged from mummies of the former species were also larger.
The survival recorded at 2 °c is surprising viewed in light of our current knowledge of A. ervi. indeed, michel (2007) also stored mummies of A. ervi raised on A. pisum at 2 °c, for periods of 1, 2 and 3 weeks, and recorded percentage survival, respectively, of 85%, 63% and 41%. The results presented, on the other hand, were 77%, 85% and 77%, respectively, for the same lengths of time at 2 °c. The high humidity in the petri dishes allowed the mummies to survive, whilst in michel (2007) study the mummies desiccated in the drier environment he used. This is also indicated by levie's results (2002) with Aphidius rhopalosiphi: the percentage emergence peaked after three weeks of storing the mummies at 3 °c and ≥ 80% humidity, whilst at a humidity level of 30%, the percentage emergence declined from the second week onwards.
Thus, survival was not reduced by storage at 7 °c, or after 7 weeks at 2 °c when S. avenae was the host, or 4 weeks when A. pisum was the host. high humidity seems to be important for consistently high percentages of emergence.
Duration of the development of the pupae in mummies
The pupae developed more slowly at 7 °c than at 20 °c. This phenomenon can be explained by the sum of effective temperatures concept: in cold conditions, temperatures accumulate more slowly, resulting in a longer duration of development. The average developmental time was 6 days at 20 °c and of 24.8 days at 7 °c. Based on the estimates of the lower temperature threshold for development and the sum of effective temperatures cited in the literature on A. ervi, the development time should have been 5.4 days at 20 °c and 182.5 days at 7 °c (sigsgaard 2000), or 5.3 days at 20 °c and 27.5 days at 7 °c (malina and praslicka 2008) . however, caution must be exercised when comparing the present results with those of previous studies: the geographic origins of the parasitoids (here, Denmark and slovakia) differ and therefore adaptations to the temperatures prevailing in different countries could result in different estimates (campbell et al. 1974; morgan et al. 2001) .
moreover, emergence in time at 7 °c was more spread out than at 20 °c, and the duration of development at 7 °c was more variable. This may be easily explained by the sum of effective temperatures concept as the same variation in degree-days represents more days at low temperatures. For example, the accumulation of enough heat to equal a 42 °c day takes 2.1 days at 20 °c and 6 days at 7 °c. The emergence in time at 7 °c is therefore more spread out than at 20 °c because of the lower temperature. Development at 7 °c therefore modifies the mean and variance of the development time (in days).
Furthermore, no emergence was recorded during storage at 2 °c. This was expected as this temperature is hypothetically lower than to, the threshold below which pupae do not develop (a to = 6.6 °c is cited by sigsgaard 2000 and a to = 3.9 °c by malina and praslicka 2008). nevertheless, when the mummies were transferred to 20 °c after 1 to 7 weeks, the developmental time was expected to be identical to that of the controls, since development is assumed to have ceased during the period they were stored at 2 °c, which is lower than to. however, the mummies did develop to some extent at 2 °c, accumulating some degree days under these conditions, which is why they emerged slightly earlier than the mummies which had not been stored at 2 °c. This was most noticeable when the period of storage was long. These observations indicate that the estimate of to obtained using a linear extrapolation is too high because the relationship is curvilinear and so at 2 °c development is slow but not completely stopped. This conclusion was also reached by colinet (2007) working with Aphidius colemani.
The duration of development of the parasitoids that emerged from A. pisum mummies was shorter than that of those that emerged from S. avenae mummies; protandry was also greater for the former. mummies can therefore be stored at 7 °c for a maximum of 2 weeks, after which adult parasitoids will start to emerge.
fertility and longevity of the parasitoids
The results reported here for longevity (averages of 3.1 days and 4.4 days) are similar to the results of azzouz et al. (2004) and ismail et al. (2010) who cite life spans of, respectively, 3.7 and 2.95 days for female A. ervi deprived of food.
Furthermore, the 50 aphids exposed to parasitisation by the recently emerged females exceeds the number that A. ervi can parasitize in 4 hours (colinet et al. 2005) but sufficient to reveal differences in fertility. Females of A. ervi are pro-synovigenic, i.e., they emerge from the mummy with mature eggs in their ovaries and continue to produce eggs throughout their adult lives (he and Wang 2008) . given that a surplus of aphids were provided to each female, the number of eggs laid during the first day of the female's adult life is a measure of the stock of eggs present at the time of emergence, and thus, approximately, a measure of the quantity of resources present in the larva that were allocated to reproduction (sequeira and mackauer 1994). in addition, each female has in her body resources in the form of lipid reserves, which enable her to survive without food. The longevity of the females can be used as an estimate of the size of this resource.
The females that emerged from A. pisum mummies were fitter than those from S. avenae mummies in terms of their fertility and longevity. This confirms that the size of the aphid host determines the quantity of resource available to the parasitoid, which in turn determines its length of life and the number of mature eggs in its ovaries at emergence. The higher percentage mortality of the parasitoids from A. pisum mummies compared to those from S. avenae mummies may be consequence of the smaller individuals that emerged from the A. pisum mummies had fewer lipid reserves and as a result were the first to die and the least fertile.
another possible explanation is that the aphid host is the same species as that in which the parasitoid was raised. The higher fecundity of females that emerged from A. pisum mummies could, therefore, be due more to the female's general preference for A. pisum over S. avenae. indeed, according to Daza-Bustamante (2003) , A. pisum is more often attacked by A. ervi than S. avenae, probably because of its larger size or its more yellow colour and attractive odour (Battaglia et al. 2000) , or because this aphid is more active (the movements of aphids stimulate oviposition) (mackauer et al. 1996) .
to determine whether the attack rate is determined by the origin of the female or the species of aphid provided, the same species of aphid could have been offered to all of the females, whether they emerged from A. pisum or S. avenae. however, this would have created a bias in favour of females reared on the species of aphid chosen for the fertility test. indeed, pungerl (1984) suggests that A. ervi is conditioned to recognise and prefer the host on which it was reared. For this reason, a third species of host aphid, such as Myzus persicae, should have been used for the fertility test, regardless of the original host aphid, and so avoid creating a bias due to preference. in addition, neither the fertility nor the longevity of the females seemed to be decreased after being exposed for 1 week to temperatures of 7 °c or 2 °c. however, in the absence of food, survival is entirely dependent on the internal reserves (ellers 1996) accumulated up until the end of the last larval stage (death of the host and weaving of the cocoon) (sequeira and mackauer 1994). starvation during storage is likely to lead to a reduction in these reserves (colinet et al. 2007) . storage for one week, therefore, probably is not long enough to result in a significant reduction in lipid reserves. ismail et al. (2010) observed the same results after one week at 7 °c, although the longevity of females was reduced by one third after two weeks at 7 °c. michel (2007) also records a decrease in the number of eggs in the ovaries when mummies are kept at 0 °c for 2 weeks.
These experiments show that the host of the parasitoid is an important consideration when determining the optimal conditions for conserving mummies. however, the mass production of mummies containing A. ervi can be facilitated by storing them for several weeks. in such cases, it is also advantageous to store the mummies at both 7 and 2 °c before mass release as then a single application results in a staggered emergence of adults over a longer period of time and thus efficient control for longer.
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